Abstract-this paper presents the study of a well established linear current division circuit, which has been referenced many times in published works as a basic building block in variety applications up to date. Understanding the advantages and, even more important, the limitations of this technique would benefit the further exploiting of potential applications. Analytic study with close form expressions shows highly agreements with the original statement that this structure is inherently linear and the linearity is independent of the electrical variables and only relies on the transistors geometrical match performance. However, the more accurate study with simulation results suggests that there are limitations for using this technique in terms of high linearity in the most popular semiconductor processes. Thereby more general circuit principles behind reported high linearity is of particular interested.
I. INTRODUCTION
A standard current divider circuit is shown in Fig. 1a . In this current divider, part of the input current passes through one subcircuit and the balance passes through a second subcircuit. If ideal, it will provide a branch current in one subcircuit, I 1 , which is a fixed fraction of the total input current, I IN . In this case, the branch current can be expressed as IN 1 θI I = , (1) where θ is independent of I IN or any other electrical variables in the circuit. Accurate and linear current division circuits are widely required in the design of data converters, analog filters and a host of other applications. The most basic current divider circuit is that obtained by replacing C kt1 and C kt2 in Fig. 1a with resistors.
Circuits that have some of the properties of the basic current divider have also been called "current dividers" [1] although the exact definition of more general current dividers are not wellestablished. Two circuit structures that share some of the same properties of the basic current divider are shown in Fig. 1b and Fig.  1c . In the more general current divider of Fig. 1b , it may not be possible to partition the current divider into two distinct subcircuits but the partitioned sourcing currents entering the current divider will remain as partitioned sinking current exiting the current divider as shown in the figure. In an even more general current divider, the partitioned sourcing currents may not be available as sinking currents. This situation is depicted in Fig. 1c . In this paper, the definition of "current divider" will be relaxed defined. In 1992 Bult and Geelen [1] introduced an interesting and simple two-transistor current divider that was claimed to be "inherently linear" with a current division factor that is dependent only upon the devices geometries. In addition to its small size, the authors observe that this divider is attractive because the attenuation factor can be accurately controlled in most semiconductor processes and because the full-scale input is large essentially extending to the level that will cause either one of two transistors to enter the weak inversion of operation. The Bult-Geelen circuit, presented in [1] , is shown in Fig.2 . Figure 2 . Inherently Linear Current Divider [1] This structure has been influential in the development of the digitally programming current division block used in MOSFET-only ADC converter [2] ,a baseband channel-select filter for multi-standard wireless receiver [3] , digitally tuning analog filters [4] , variable gain current amplifier [5] , and several other applications [6] - [7] .
The reported linearity performance based on this current divider was phenomenal; the THD of a volume control circuitry [1] was better than -85 dB, the THD of a 10-bit A/D [2] converter was -79dB, and a channel-select filter [3] built around this structure achieved -80~-94 dB spurious free dynamic range (SFDR). These linearity measures, all experimentally verified, are very impressive considering that the critical parts of these circuits are derived from small MOS transistors configured as simple two-transistor current dividers rather than with large passive components. It is then particular interesting to explore the benefits and limitations of this technique for further improving its linearity.
However, the following study presented in this paper will demonstrate that this Bult-Geelen current divider didn't exploit the linearity of this current divide circuit or the properties of this two transistor current divider but rather exploit somehow more general electrical circuit principles.
An analytical study is going to be delivered in the following section and it will exhibit that the linearity with square-law model of this current division circuit is perfect.
II. ANALYTICAL STUDY OF THE CURRENT DIVIDER
Although this current divider has been reported with inherently high linearity, no analytical proves have been actually achieved. In this section, close form expression will be presented with square-law models for the MOS transistors.
The two-transistor current divider in 
( )
where, V T is the threshold voltage,
The branch voltages are defined as V GA =V G -V A , V BA =V B -V A , and V inA =V in -V A . The current-divider properties are not apparent from this formulation.
If the mixed port variables {I in , V GA ,V BA } are selected as the independent variables and thus {I G , I 1 , V inA } are the dependent variables, it follows from a tedious but straightforward analysis that the device can be equivalently modeled by (5)~ (7);
. (7) Followed the similar derivation process, if M 1 works in the triode region and M 2 operates in the saturation region, the dependent variables {I G , I 1 , V inA } can be expressed as below:
The analysis can be expanded to the circuit comprised of any number of transistors and the general expression of the source current of the bottom transistor keeps the same format as shown in (6) and (9) and it will not be presented here due to the space limitation here.
From above formulas, this circuit can be considered as a current divider with general definition. The inherently linear current division property reported for this circuit is due to the linear dependence of I 1 on the current I in of (6) and (9) in which the proportionality constant of the two-transistor current divider,
is unchanged as M 2 moves between the triode region and the saturation region of operation. The accuracy is determined by the inherent ratio matching potential of device dimensions in most semiconductor processes and can be seen by expressing
A comparison of (6) and (9) with the ideal current divider equation of (1) does show some significant differences as well. One distinction is that in whatever circuit this current divider is embedded, the voltages V GA and V GB must not depend upon I in if the linear current division property is to be maintained. The second one is the presence of the term that is added to the I in dependent term that serves as an offset. The third difference is the concern that unless the circuit is driven at the input node with a current source with infinite output impedance, the change in the voltage V inA with I in will cause the output impedance of the current source to modulate the current I in thus introducing nonlinearity. If these conditions are appropriately managed, the current divider is perfectly linear and accurate in a process in which the simple square-law model accurately predicts the performance of the MOS transistor.
Unfortunately few if any processes in use today are accurately characterized by the simple square law model. As reported in [1] , when a more accurate model is used, model-dependent nonlinearities will be introduced. An appreciation for the circuit performance and limitations as affected by a more accurate MOSFET model and an understanding of the limitations inherent in the architecture will now be developed. In particular, we will focus on accuracy and linearity of the current divider.
III. ACCURACY AND LINEARITY DEFINITIONS
Before more accurate model are used to explore the limitations of the linearity of this current divider, two coefficients would be established in the following part to evaluate this current divider fairly
A. Accuracy
From the expressions for I 1 in (6) and (9), the interest in the linear dependence of I 1 with I in , the division factor of the current divider in the presence of a better device model will be defined as
and the division factor accuracy, in percent, will be defined as
B. Linearity
Two different definition of linearity will be resented here. One is based upon the deviation of the transfer characteristics of the attenuated current from a referenced straight line. Very similar with the definition of INL in data converter circuit, this linearity implies the linearity with the slow varying input signal. The second one is based upon the spectral performance of the output current in the presence of a sinusoidal excitation.
The fit line of the division factor will be defined as:
and the deviation, in percent, from the fit line will be defined as:
where I 1Q is the current I 1 at the quiescent value of the input current, I inQ .
The spectral performance will be defined in terms of the total harmonic distortion (THD) of the time-varying part of I 1 in the presence of a sinusoidal input current. Both definitions of linearity are dependent upon the magnitude of the input current with the nonlinearity going to zero as the deviation of the input current from the quiescent value goes to zero. We will define a full-scale input current to be I 1Q /θ TT . If the transistor M 2 is operating in the saturation region when I IN =0, the full-scale input current will be the current that causes M 2 to leave strong inversion and represents the maximum input current for current divider. If the transistor M 2 is operating in the triode region, when I IN =0, the full-scale input current does not represent an upper bound on the input current and can just be viewed as a reference current level.
IV. MORE ACCURATE ANALYSIS AND SIMULATION
Reminded from the section II, several simplifications have been made to achieve the final close form expressions and those simplifications, such as identical threshold voltages, ignoring the finite output impedance of the transistors, second order effects and the substrate effect, etc, are not valid in more accurate analysis. The performance of the current divider will now be considered with a more accurate model of devices used in current processes. An analytical analysis with a more accurate device model becomes unwieldy but a computer simulation is useful for developing an appreciation for the linearity and accuracy attainable with the current divider. Simulations will be based upon the circuit of Fig. 2b where the terminal voltages V DD and V GG are fixed. BSIM device models for the TSMC 0.35µ and the TSMC 0.18µ processes will be used for those simulations.
Characterizations for large devices and small devices, for large excess bias (V EB =V GSQ -V T ) and for small excess bias, for singleregion and two-region operation of the transistors M 1 and M 2 , and for large feature and small feature processes will be made.
The accuracy of an attenuator designed for an attenuation factor of θ TT =0.5 for long devices is shown in Table 1 .From this table it can be observed that the accuracy of the attenuation factor is quite limited unless the operation of both devices is restricted to the triode region when large excess bias voltages are used.
The linearity of this current divider will be verified with the similar strategy. Different sizes of the transistors, different bias level and different feature processes are simulated and simulation results are shown in Fig.3~Fig.6 .
The static nonlinearity represented in forms of the deviation is shown in Fig.3 and Fig.4 for TSMC 0.35u process and TSMC 0.18 u process, respectively. In these plots, "TT" and "TS" represent the operation regions for M 1 and M 2 , respectively. "TT" means M 1 and M 2 are both in triode region and "TS" represents one in triode while the other one in saturation. Also, HVeb and LVeb are the abbreviations of the terms "large excess bias voltage (overdrive voltage)" and "low excess bias voltage (overdrive voltage)". From Fig.3 and Fig.4 , it is clearly shown that the static linearity is very limited for even moderate magnitude of the input current with the notice that the deviation ranges from 3% to 5% when the input current approaching to about 50% of the full range. Also this static nonlinearity is dependent upon the biasing level and the operation regions of the transistors. One consistent phenomenon is that, in both two processes, the best linearity occurs when two transistors are both in the triode region with large V EB voltage level. Recalling the best accuracy performance in the Table 1 , it is very interesting to observe that the best accuracy can be obtained with two triode region operating transistors with large V EB when static or dc linearity is required.
Another characteristic of the linearity for this current divider is the THD performance, which will represent the dynamic performance. The simulation results are shown in Fig. 5 and Fig.6 . The THD performance again exhibits that the linearity of this current divider will limited to about 30~40 dB level if reasonable input current level is expected. The best linearity occurs when the two transistors are both in the triode region with low level V EB . This is because the harmonic distortions are mainly due to the nonlinearity caused by the large input signal and the large V EB will correspondingly require the larger input signal than small V EB with the same percentage ratio. Figure 6 . THD of the current divider for TSMC018 process Although many others different simulations have been done to explore the linearity of this current divider including the minimum length devices, non-ideal input current sources and non-even current division ratios, the results will not be presented here due to the volume limitation. All the simulations exhibit the limited linearity with practical design models and also show the dependence of linearity upon the device size, biasing level, operation region and the processes technology.
V. CONCLUSION
A comprehensive study focusing on the linearity performance of a well-established simple current divider circuit has been presented in this paper. This work provides the first analytical close form approach which supports the statement about the linearity performance, and also demonstrates the potential benefit of this simple current divider for those applications with moderate linearity specifications. For low resolution applications, this technique is quite attractive for its simplicity and independency of electrical variables. The more accurate study with computer simulations exhibits the performance limitations of this technology and also shows the linearity dependence of all kinds of electrical variables. Thereby this study proves that the all the reported works with excellent linearity was actually based on more general circuit principles rather than the linearity of the current divider itself. Furthermore, this principle behind those works is of particular interested and study is undergoing.
